Palladium is emitted due to automobile catalytic converters, and with rapid growth in the number of cars, palladium is thus a current threat to human health and the environment. Two-photon (TP) fluorescent probes are favorable and powerful molecular tools for palladium ion (Pd 2+ ) detection due to localized excitation and reduced phototoxicity and photodamage. In the present study, a series of "turn-on" TP fluorescent dyes based on coumarin derivatives were designed for Pd 2+ recognition. Our study revealed the origin of the peculiarly different fluorescence behaviors of the synthesized Pd 2+ probe R1 and the product P 0 1 quantitatively and qualitatively from a theoretical perspective. Moreover, quantum-chemical calculations on electronic structures, one/two-photon absorption and fluorescence optical properties have first been carried out for these TP fluorescent chromophores using an ab initio approach. The calculated results demonstrate that chemical modifications of the coumarin core by the introduction of an electron-withdrawing group (-Cl or -CN) to its 4-position effectively increase the TP absorption cross-section per molecular weight more easily than extending the p-conjugated structure at the 3-position. In the present work, the product P 0 4, with a much smaller internal conversion rate (K IC ¼ 1. 
Introduction
Signicant amounts of palladium are emitted due to automobile catalytic converters and the rapid growth in the number of cars. As one of the platinum-group elements, palladium is hazardous to human health once it is taken up by the human body via contaminated water, medicine and food. 1 In the natural environment, palladium has three states: Pd 0 (metallic), Pd 2+ , and Pd 4+ . Its metallic form has little in vitro cytotoxicity, but Pd ions are capable of causing a series of cytotoxic effects, such as serious eye or primary skin irritation. 2 Epidemiological studies have indicated that Pd ions, particularly from PdCl 2 , are the most common reactive sensitizers among metals (ranking second behind nickel). Moreover, proteins, DNA and other biomacromolecules, such as vitamin B6, have been reported to be able to strongly bind palladium ions, which may cause a variety of cellular dysfunction processes. 3, 4 It is noteworthy that governmental regulations on the levels of palladium (no more than 5-10 ppm) are fairly strict and the proposed dietary intake is less than 1.5-15 mg per person per day. 5 Considering the serious threat of Pd 2+ to the environment and human health, investigations of methodologies for the highly sensitive and selective detection of Pd 2+ have attracted more and more attention from researchers. Up to now, conventional methods have been developed for the efficient detection of palladium ions, including atomic absorption spectrometry, plasma emission spectroscopy, solid phase microextraction-high performance liquid chromatography, and X-ray uorescence.
2 These methods, however, usually require expensive instruments, complicated operation and highly skilled individuals. In contrast, colorimetric and uorimetric methods can avoid these deciencies while maintaining comparable efficiency and accuracy; therefore, they have been widely exploited by researchers for the detection of a variety of targets. 6 Yet most of the reported Pd 2+ uorescent probes are excited by one-photon (OP) excitation with a short wavelength, which leads to obvious shortcomings, such as poor shallow tissue penetration depth, photobleaching and a high autouorescence background. [7] [8] [9] To overcome these problems, it is urgent to develop novel two-photon (TP) uorescent probes that are excited by two photons with longer wavelength laser light to provide an improved three-dimensional imaging resolution with increased imaging depth (>500 mm) and little photodamage to living tissue.
Coumarins have fascinated humans from the very beginning. 10 Coumarin is a conformation-restricted form of a ciscinnamic acid ester, thus it has high photostability, but coumarin itself shows a poor uorescence quantum yield and TP response. However, in very recent years so-called expanded coumarins have been synthesized, effectively expanding the portfolio of existing architectures, and great efforts have been made so far to modulate their absorption from 300 nm to 550 nm, making coumarin derivatives emit strong uorescence in the near-infrared (NIR) region and possess tunable TPA crosssections.
11 These p-expanded coumarin molecules have already been utilized in TP excited uorescence microscopy.
11 In addition, a unique family of rigid analogues P 0 1 (GCTPOC) possessing one coumarin moiety combined with a heterocyclic moiety was reported by Lin and coworkers. 12 Importantly, P 0 1 as a product molecule has successfully been applied to detect a variety of biological species by TP uorescence. [12] [13] [14] [15] [16] The corresponding uorescent probes with the product molecule P 0 1
show good photostability, high selectivity and sensitivity, low cytotoxicity and high biocompatibility. Additionally, another coumarin derivative, P 0 5 (3-benzothiazol-7-hydroxy-2H-chromen-2-one (TPF)), also displays excellent optical properties, such as a high uorescence quantum yield (f ¼ 0.36), high photostability, and a large two-photon absorption (TPA) crosssection (d T max ¼ 217 GM). 17 Consequently, the purpose of this work is to design a series of novel coumarin derivatives (based on the reported P 0 1 and P 0 5 molecules) with tunable absorption/ emission spectra in the NIR region and relatively large TPA cross-section values, and more importantly, to obtain TP Pd 2+ uorescent probes for achieving the effective recognition of Pd 2+ .
Additionally, so far, the detection mechanisms for Pd 2+ are mostly based on the complexation of Pd 2+ with ligands, or Pd 2+ -triggered chemical catalytic reactions. 2 Yet most sensors based on the coordination mechanism have varying degrees of interference from other transition metal ions and strong uores-cence quenching due to the heavy atom effect. 18 In contrast, chromophores built on Pd 2+ -triggered catalytic reaction mechanisms usually show better selectivity.
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The detailed palladium-catalyzed chemical conversion is displayed in Fig. 1 14 So far, although there are some theoretical and experimental reports for TP uorescent probes, [22] [23] [24] [25] [26] [27] there have been no theoretical research reports of TP probes based on Pd 2+ -triggered chemical catalytic reactions and coumarin derivatives, and the relationship between the molecular structure and nonlinear absorption properties of coumarin derivatives is still unclear. This study is devoted to providing some strategies for designing a series of novel TP molecules based on coumarin cores, shown in Fig. S1 † (Pd 2+ probe molecules R1-9) and Fig. 2 (corresponding product molecules P 0 1-9). We further investigate their electronic structural properties and, more importantly, nd out which structural modications are benecial for chromophores with longer excited wavelengths and stronger nonlinear responses. Additionally, our other goal is to clarify the microscopic mechanism for the "turned-on" optical signal during Pd 2+ detection via quantum chemistry calculations.
Methodology
In this work, to select a suitable functional to optimize molecular geometries and calculate optical parameters in the ground state and excited state, we take the experimentally synthesized compounds P 0 1 (GCTPOC) and P Table S1 . † Given the complexity of the practical environment and the fact that all the experimental measurements are recorded in PBS (phosphate buffered saline) solvents, complex solvation effects are considered. Taking the micro-solvation mode and research experience into consideration, 28 three explicit water molecules were added around the strongest electrophilic carbonyl oxygen of each studied molecule in the calculations; meanwhile, the implicit solvent effect was considered by a Polarizable Continuum Model (PCM) approach. 29 Comparing the calculated results of the explicit solvent model simulation with those of the implicit solvent by means of the common hybrid functional B3LYP (containing a 20% proportion of the Hartree-Fock exchange energy), 30, 31 the inuence of the explicit solvent environment is crucial. As we know, the M06-2X hybrid functional is excellent for dealing with weak interaction and electron transition simulations, especially for electronic excitation energies; furthermore it has successfully been applied in theoretical computation.
32,33 Thus, we performed calculations on the OPA and emission features of P 0 1 and P 0 5 using the M06-2X* functional (containing 44% HF exchange component); moreover, the calculated results are in good agreement with experimental data, shown in Table S1 . † Therefore, the geometrical structures of all the studied molecules, as well as the OPA and emission spectra simulations, were fully optimized by using the M06-2X* (44% HF) hybrid functional along with the 6-31+G(d) basis set (the inuence of the basis set on the spectra is displayed in 31+G(d) level, which conrmed the stability of the different studied geometries. In order to avoid the uncertainty that the density functional may bring to the pseudo-stability, the uB97XD functional, which is good at dealing with weak interactions, was also used to calculate the vibrational frequencies of all the studied molecules (including the explicit water molecules). The calculated results are also listed in Table S3 . † The results calculated by the uB97XD functional were also positive values, which again implied the stability of the different geometries. All of the above calculations were carried out in the Gaussian 09 program package.
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Furthermore, the other main task of this work is to explore the two-photon absorption (TPA) features. The TPA crosssections (d T max ), which can stand for the TPA transition probability, are evaluated by the quadratic response theory using the B3LYP functional with a 6-31+G(d) basis set, as implemented in the DALTON program.
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Theoretically, the TP transition matrix element S ab can be expressed as follows:
where m a and m b are the electric dipole moment operators over the molecular x, y and z axes, u i is the excitation energy from the ground state |0i to the excited state |ii, and u f /2 corresponds to half of the excitation energy associated with the transition from the ground to the nal state |fi. With the help of S ab , one can easily calculate the TP transition probability of a molecule for linearly polarized light, and the corresponding probability in the atomic unit can be written as follows:
+ 4(S xx S yy + S xx S zz + S yy S zz )
The TPA cross-section value is directly comparable with the experimental measurement and is dened as:
where a 0 denotes the Bohr radius, a is the ne structure constant, u stands for the energy of the excited photons, c 0 represents the speed of light and G represents the level broadening of the nal state, which is assumed to be 0.10 eV. 40 The unit of the TPA cross-section is GM; 1 GM ¼ 10 À50 cm 4 s per photon. In this work, the transition dipole moment, the state dipole moment and the excitation energy are calculated using the DALTON program. Additionally, to judge the inuence of charge-transfer during the TP transitions, we calculate the charge-transfer distance (d CT ) and transferred charge (q CT ) associated with the ground and excited states using a density-based approach, which has been applied in previously reported work. 41 This density-based approach can yield more realistic charge transfer parameters, which can be used to describe the TPA properties. probes, and the molecules P 0 1-9 are the reaction products aer Pd 2+ treatment, respectively. In this work, the Pd 2+ probes have a weak uorescence signal; however, aer reacting with Pd 2+ , the product molecules have strong uorescence spectra. Thus, we focus on systematically exploring the optical properties of the reaction products P 0 1-9 in this study. In order to obtain molecules with better TPA properties, the strategies of changing the substituents at different positions in the coumarin core and extending the conjugation length are adopted. Additionally, substituting groups at the other end of the uorophore to generate a long distance from the Pd 2+ -responsive group is very necessary, and can guarantee the high sensitivity of the probes. 43 Therefore, the construction is mainly considered as follows: (a) introducing different substituents (electrondonating and -withdrawing groups), such as a hydroxyl moiety (-OH), a chlorine group (-Cl) and a cyano group (-CN) at the 4-position of the P 0 1 framework to access P 0 2, P 0 3 and P 0 4, respectively, which balance the optimum electron donor/ acceptor; a literature survey revealed that 4-substituted coumarin derivatives could be synthesized and that their uo-rescence spectral properties are promising, [44] [45] [46] and, due to the strong electron-withdrawing nature and small structure size, -CN group substitution has been used in some biological uorescent probes with low toxicity, especially for the successful tissue and cell imaging of organs. 24, 47, 48 (b) Extending the pconjugation structure at the 3-position with a phenylacetylene moiety, such as P 0 6, in order to gain NIR absorption and emission wavelength compounds for better applications; (c) introducing an electron-withdrawing group at the 4-position or the benzene ring of the P 0 5 framework; P 0 7, P 0 8 and P 0 9 are designed in this way to determine that introducing an electronwithdrawing unit into the P 0 5 framework can increase the TPA cross-sections. Meanwhile, due to the electronegativity of the oxygen atom in the carbonyl group under the polarization effect, weak hydrogen bond interactions are formed between the carbonyl group and water molecules, as shown in Fig. S2 and S3 † in the explicit solvent model simulation, thus the solubility of all the studied molecules should be favorable. The optimized molecular equilibrium geometries in the ground state are shown in Fig. S2 (Pd 2+ probe molecules) and S3
(product molecules). † Frequency calculations suggest that the equilibrium geometries are stable. P 0 1 and P 0 5 are the synthesized product molecules. 14, 17 In our previous work, the explicit solvent model was considered, 33 which revealed a signicant inuence on the OPA and TPA features. Thus, here explicit water molecules are also added to the studied molecules. For all the studied product compounds, the uorophore frameworks are nearly planar, which is benecial for reducing non-radiative transitions and increasing the uorescence quantum yield. Furthermore, the greater rigidity of the structures of the studied compounds contributes signicantly to the improvement of the nonlinear optical properties, which will be discussed in detail in the TPA properties section. Finally, considering the smaller diameter of the designed probes (maximum diameter 18.9 nm), we believe that the designed molecules have the potential to pass through the cell membrane to recognize Pd 2+ like the synthesized probe R1.
Electronic structural properties
The energies of the highest four occupied frontier molecular orbitals and the lowest four virtual frontier molecular orbitals, as well as the energy gap (DE H-L ) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), are schematically described in Fig. 3 . The calculated results suggest that the DE H-L value of P 0 2 is larger than that of P 0 1, and is the largest among all the studied products. This shows that introducing an electron-donating group at the 4-position increases the transition energy, blueshis the optical wavelength and is inappropriate for designing NIR uorescent probes here. Besides, introducing an electron-withdrawing unit at the 4-position using chlorine or cyano groups can reduce the DE H-L values, such as P 0 4 (2.72 eV) < P 0 3 (3.17 eV) < P 0 1 (3.27 eV), demonstrating that the electronwithdrawing group substitution at the 4-position is conducive to the decrease of DE H-L . Substituting an electron-withdrawing group on the P 0 5 core also has an obvious inuence on the decrease of DE H-L . The energy gaps decrease in the order of P 0 5 (3.37 eV) > P 0 7 (2.99 eV) > P 0 8 (2.78 eV) > P 0 9 (2.20 eV), and similar changing trends also occur in their LUMO energy. Additionally, by modifying the molecular structures at the 3-position with an extended phenylacetylene p-conjugation moiety, the HOMO and LUMO energies are signicantly decreased, for example P 0 6 (E HOMO/LUMO ¼ À6.11/À3.02 eV) < P 0 5 (À5.58/À2.21 eV), and the DE H-L value is also reduced. Following cyano and phenylacetylene substitution, P 0 9 exhibits the smallest DE H-L value and largest OPA spectra (shown in the next section) compared to those of the other products P 0 1-8, due to the accelerated ICT process by the electron acceptor and the extended p-conjugation. The corresponding electron density plots of the HOMO and LUMO for all of the molecules are shown in Fig. S4 . †
One-photon absorption (OPA) properties
The one-photon absorption (OPA) properties of all the studied molecules have been simulated in detail by the TDDFT//M06-2X* (HF% ¼ 44%)/6-31+G(d) method on the basis of the equilibrium geometries. The calculated OPA wavelengths (l o max ) and corresponding oscillator strengths (f o ), as well as the corresponding transition natures and some experimental values, are listed in Table 1 . The OPA wavelengths of all the studied coumarin derivatives are in the range of 360-480 nm, and these results are in good agreement with common photo-physical ndings from the previous report.
11 It can be seen from Table  1 that all the designed product chromophores (P 0 1-9) exhibit marked spectral variation following the proper modications, demonstrating that the chemical modications of the coumarin core in this work can effectively tune the absorption spectra to longer wavelengths. Notably, the OPA transitions of all the studied compounds are assigned as S 0 / S 1 and are composed of H / L. In addition, the main OPA band of P 0 2 (367.3 nm)
with an electron-donor (hydroxyl) group substituted at the 4-position has a signicant hypsochromic shi relative to that of P 0 1, while those of P 0 3/P 0 4 (428.6/451.0 nm) with electronacceptor (chlorine/cyano) groups show a bathochromic shi. When the benzene ring at the 4-position is replaced by a stronger electron-withdrawing group unit (cyano), a larger bathochromic shi of the absorption is observed, such as P 0 1 (385.6 nm) < P 0 3 (428.6 nm) < P 0 4 (451.0 nm). On the other hand, the conjugated structure is also an important factor, as illustrated in Table 3 . When benzothiazolium is replaced by the longer p-conjugation structure of phenylacetylene, an obvious bathochromic shi of l o max (P 0 5: 416.6 nm < P 0 6: 436.5 nm)
occurs. This is ascribed to the fact that the extended p-conjugation structure can reinforce the charge delocalization in the whole molecule, resulting in a decreased DE H-L and red-shied l o max . Besides, a slight bathochromic shi also takes place according to the substitution of cyano at the phenylacetylene ring, that is, P 0 6 (436.5 nm) < P 0 7 (452.2 nm). Of particular note is that introducing a cyano group only at the 4-position core (P 0 8) or the 4-position and phenylacetylene ring (P 0 9) at the same time still turns l o max to a longer wavelength. Eventually, P 0 9 has the longest red-shi among all the P 0 5 core derivatives (P 0 5, P 0 6, P 0 7, P 0 8 and P 0 9). It can be concluded from the above discussions that introducing an electron-acceptor cyano group or extending the p-conjugation structure is an efficient approach to obtain coumarin derivative molecules with longer excited wavelengths.
3.4.
Validation of the "turn-on" uorescence of the synthesized probe and product
As reported by Lin's group, the Pd 2+ probe R1 shows weak uorescence, while the recognition product P 0 1 possesses 100- fold uorescence enhancement. 14 To explain the "turn-on" uorescence change mechanism, we obtained the radiative decay rate K r and internal conversion rate K IC (the other nonradiative path could generally be ignored in the electronic transition) at a temperature of 298 K during the excited ground transition process by applying MOMAP soware (detailed method description in the next section). ). To further clarify the origin of the "turn-on" uorescence, we also analysed the differences in electron properties, geometry variations, reorganization energies, Huang-Rhys factors (HR) and vibrational modes.
Firstly, the net-charge distributions on the acetylene ether group (-OCH 2 CCH) and hydroxyl group (-OH), which are displayed in Table 2 , are calculated based on nature bond orbital (NBO) analysis. It can be found that in the S 1 state, the -OCH 2 CCH group exhibits electron-withdrawing character (À0.178 e); however, the -OH group shows electron-donating character (0.191 e). Meanwhile, the intramolecular charge transfer of the whole molecule associated with the ground and a H denotes the highest occupied molecular orbital, HOMO, and L is the lowest unoccupied molecular orbital, LUMO. excited states was obtained by a density-based approach, and is also displayed in Table 2 . In the presence of Pd 2+ , the -OCH 2 -CCH group of probe R1 is hydrolyzed to the -OH of product P 0 1.
The transferred charge was increased by the electron-donor -OH, such as P 0 1 (q CT ¼ 0.52 e) > R1 (q CT ¼ 0.39 e). The larger intramolecular charge transfer contributes to the easier electron transition and higher uorescence efficiency. Additionally, the geometrical change of the stable ground state and lowest excited state for the two molecules was characterized by the root mean square displacement (RMSD) parameter, which can conveniently measure the overall degree of structural change. According to the geometry comparison simulation of the stable S 0 and S 1 states for R1 and P 0 1 shown in Fig. S6 , † product P 0 1 is found to possess smaller geometrical change than probe R1, for example: P 0 1 (RMSD ¼ 0.191) < R1 (RMSD ¼ 0.228). Taking vertical excitation, the geometrical change mostly results from the geometrical relaxation of the excited state. The smaller geometrical relaxation of the excited state is benecial for uorescence enhancement by the reduction of radiationless energy. At the same time, the vibrational relaxation energies caused by the -OH group and the -OCH 2 CCH group were calculated. The results suggest that the -OH group of product P 0 1 caused smaller vibrational relaxation consumption than the -OCH 2 CCH group of probe R1 in the excited state, so largely reduced the vibrational relaxation energy, as displayed in Table  2 (DE(P 0 1): 0.35 eV < DE(R1): 0.43 eV), which alleviated the geometry distortion of product P 0 1 to achieve enhanced uo-rescence efficiency. To the best of our knowledge, the HuangRhys factors (HR) can characterize the modications of vibrational quanta (absorbed or emitted) when going from one electronic state to another, which are important for determining the K IC . 53, 54 It is calculated and clearly seen from Fig. 4 that (i) in general the HR factors for R1 (with a maximum value of 3.7) are much larger than those for P 0 1 (with a maximum value of 2.8) and (ii) the C^C bond stretching modes of probe R1 appear at the 3255 cm À1 high frequency region, which further indicates that R1 has larger vibrational relaxation consumption. As a result, probe R1 shows weak uorescence compared to product P 0 1, which successfully explains the experimental results.
Fluorescence properties
Based on the stable excited-state geometry optimization using the TDDFT//M06-2X* (HF% ¼ 44%)/6-31+G(d) method, the uores-cence properties of the studied molecules are calculated and are listed in Table 3 , which also shows that the emission spectral scope is around 450-600 nm. The emission transitions of all the studied product compounds are assigned to S 1 / S 0 , composed of L / H. During the chemical modications based on the coumarin core in this work, the changing trends of the emission spectra are in accordance with the results of the OPA spectra. The uorescence lifetime (s) and uorescence radiation rate (K r ) for spontaneous emission are calculated by employing the Einstein transition probabilities according to the formulae in (4) and (5), 55, 56 and are also shown in Table 3 :
Here, s is the uorescence lifetime, c stands for the velocity of light, E Flu denotes the transition energy, f E represents the oscillator strength of the emission spectra, and K r is the rate of radiative decay. In general, there are three major pathways for non-radiative decay for uorescent molecules, 50 i.e. (i) internal conversion (IC) from S 1 to S 0 , (ii) an intersystem crossing process (ISC) from a singlet manifold to a triplet, and (iii) charge separation (CS) during the photoisomerization process occurring in the excited state, oen assisted by solvent. According to the analysis of the molecular structure (not heavy-atom) and electronic transition (mainly the p / p* transition) of all the studied molecules, it would be difficult for the ISC process to happen. To further conrm the weak ISC process, we obtained the intersystem crossing rates (K ISC ) for S 1 / T 1 , shown in Table S7 , † and the small K ISC values implied that the ISC progress would be much slower than the IC progress in this study. From Table S7 , † we can also see that the DE S 1 /T 1 values were large enough to inhibit the ISC process. Furthermore, the small effective spin-orbit coupling (SOC) matrix elements (below 1 cm À1 ) reduced the K ISC values signicantly. The derivative details for K ISC are shown in section B of the ESI. † Thus, here we focus on considering the inuence of internal conversion non-radiative decay on the uorescence efficiency of the studied molecules. Then, the nal internal conversion rate (K IC ) from S 1 to S 0 is calculated with the Gaussian 09 program package using the formulae given by Shuai:
where the non-radiative transition process is from an initial vibronic (excited) state |ini to the nal (ground) state |fni. R lk f represents the coupling between the electronic wave functions of the two states. |F i i and |F f i denote the initial and nal electronic states, respectively; |Q in i i and |Q fn f i denote the vibrational states of the system and are expressed as the products of the wave functions of each normal mode. The calculated K IC result (2.00 Â 10 12 s À1 ) of probe R1 is much larger than its K r value (1.51 Â 10 8 s À1 ), which implied that the uorescence of probe R1 is weak. Aer recognizing Pd 2+ , the uorescence radiation rate for the product P 0 1 (K r ¼ 1.52 Â 10 8 s À1 ) is much larger than the non-radiation rate (K IC ¼ 3.05 Â 10 7 s À1 ). Thus, the product P 0 1 shows brighter uorescence, achieving "turnon" uorescence detection for Pd 2+ . Similarly, it can be forecasted that the synthesized product P 0 5 would emit stronger uorescence. The simulated results are in good agreement with the strong uorescence phenomena seen from experiments. In addition, the excellent designed product P 0 4 (1.28 Â 10 6 s À1 ) possesses a smaller K IC than the corresponding probe R4 (9.09 Â 10 11 s À1 ), which demonstrates that R4 could detect Pd
2+
according to a "turn-on" uorescence signal. Finally, for all the product molecules, except for P 0 2, the emission spectra are beyond 500 nm and possess strong uorescent oscillator strengths and large K r values ([K IC ), which demonstrate that these uorescent molecules have the advantages of the smallest interference from autouorescence and naked eye observation. These great uorescent oscillator strengths and K r values of the products should be ascribed to the stronger electron-donating (-OH) groups and better rigid conformations of the coumarin cores with smaller Huang-Rhys factors, which increase the intramolecular net-charge transfer and reduce the vibrational relaxation energy in the excited states, respectively, leading to strong uorescence compared to the probe molecules.
Two-photon absorption (TPA) properties
As we know, practical application of a TP uorescent probe in a biological system requires that the TP excited wavelength is located in the NIR spectral region (650-1200 nm). In order to evaluate the TP response for the studied product molecules, we perform calculations of the two-photon absorption (TPA) properties of the molecules, including the maximum crosssections (d T max ) and corresponding TPA wavelengths (l T max ), by a TDDFT method in the 700-1200 nm region. Firstly, we obtain the TPA spectra of the synthesized P 0 1 by three functionals implemented in the DALTON program, which are described in Fig. S7 . † It can be found from Fig. S7 † that while different functionals are accompanied by little change the TPA intensity, there is some effect on the TPA wavelength. The peak position of P 0 1 calculated by the B3LYP (20% HF) functional is longer than that calculated by the BhandHLYP (50% HF) functional, which is mainly ascribed to the smaller Hartree-Fock percentage with the B3LYP functional. Compared with CAM-B3LYP, the result of B3LYP has a better agreement with the experimental results, which may be due to some error compensation that counteracts the long-range-corrected effect on the molecule. Thus, the B3LYP functional is expected to be more suitable for describing the TPA properties of these studied molecules according to comparisons with the experimental TP excited wavelengths and TPA cross-sections. Secondly, since a proper account of the solvent polarity effect is crucial for direct forecasts of the TPA properties, we also performed calculations on the l T max values are affected upon adding polar solvents, which suggests that the solvent effect is not negligible. For this reason, in addition to using the PCM, the explicit water solvent effect was also considered in the TPA calculations for the studied molecules.
The calculations of the TPA properties of the studied compounds are implemented by applying the DALTON program at the same level, and the calculated results are listed in Table 4 . Table 4 , the l T max values of the studied molecules range from 700 to 1200 nm, and the corresponding d
T max values are as large as 210-3800 GM. Remarkably, for the studied compounds, the maximum TPA responses are from the rst excited states, and the corresponding transition is S 0 / S 1 .
According to the calculated results, P 0 4 bearing a cyano group as an acceptor at the 4-position has a much larger TPA cross-section than P 0 2 with a hydroxyl group as a donor at the 4-position, and P 0 3 containing a weaker electron-withdrawing chlorine at the 4-position, respectively. In addition to the effects of the electron-donating and electron-withdrawing inuences, the p-conjugated structures also play important roles in the TPA properties of the studied compounds. From Table 4 , it can be observed that P 0 6 with phenylacetylene as a pconjugated structure displays 2-fold TPA cross-sections corresponding to those of P 0 5 with benzothiazolium. Furthermore, P 0 7 with a cyano group added on the phenylacetylene leads to a much longer TPA wavelength and larger cross-section than P 0 6. However, molecules with a large TPA cross-section per molecular weight (s ¼ d max /MW) are essentially better for twophoton imaging detection. 57 Although molecules with a long p-conjugation chain also have a strong TP response, the big molecular weight of the long p-conjugation chain cannot contribute to d max /MW, such as in P 0 4 (s ¼ 3.91) > P 0 9 (s ¼ 2.59).
What's more, molecules with d max /MW larger than 1.0 have been found to be useful for better applications. [58] [59] [60] In this regard, we are devoted to increasing the d max /MW values of the studied molecules to enable actual applications. As shown in Table 4 , the two-photon cross-section per molecular weight s values of all the designed molecules are over 1.5, except for that of P 0 2, indicating that the studied dyes have potential for Pd 2+ recognition.
To further clarify the effects of internal factors on the TPA processes of these chromophores, in this subsection, we will focus on the main factors affecting the TPA process. Considering the strongest TPA transition, corresponding to S 0 / S 1 , the two-state (2S) approximation was adopted for an explanation of the calculated results. The model uses the two-state expression:
where E is the corresponding excitation energy; M represents the transition dipole moment from the ground state to the TPA nal state; Dm denotes the state dipole moment difference between the ground state and the TPA nal state; and the subscripts 0 and n stand for the ground state and the transition nal state, respectively. q
is the angle between these two vectors. The approximate proportional relationship between d According to the two-state expression, the d
T max values are largely determined by three parameters, which are calculated and the results are listed in Table 5 . That is, (i) for all the studied compounds, the transition dipole moments M 0n and the state dipole moment differences Dm 0n are critical factors inuencing the d Overall, the above results show that the state dipole moment difference Dm 0n plays a dominant role in the TPA properties. To the best of our knowledge, the state dipole moment difference Dm 0n is closely related to the charge-transfer distance (d CT ) and the transferred charge (q CT ), as presented in the expression:
Here, Dm is the difference of the dipole moments computed for the ground and the excited states; d CT stands for the spatial distance between the two barycenters of the density distributions, i.e. the charge-transfer distance. q CT represents the transferred charge during the transition process. It has been shown that this density-based approach is much more meaningful than a charge-based approximation. 42 The calculated results of d CT and q CT are also shown in Table 5 . It is found that introducing an acceptor at the 4-position leads to larger q CT and d CT values, such as P 0 3 (0.609 e, 1.859Å) > P 0 1 (0.521 e, 0.851Å).
Furthermore, the q CT and d CT values are larger for stronger acceptors, such as P 0 4 (0.708 e, 2.461Å) > P 0 3 (0.609 e, 1.859Å).
Importantly, upon extending the conjugation length, the d CT value is markedly increased, such as P 
Conclusions
In the present study, we provided some strategies for designing a series of two-photon (TP) uorescent palladium ion (Pd  2+ ) probes and the corresponding product molecules by chemical modication, and rstly systematically and deeply investigated their electronic structures and one-photon absorption (OPA), uorescence emission and two-photon absorption (TPA) optical properties from a theoretical viewpoint. Moreover, the radiative and non-radiative behaviors for the synthesized probe R1 ( ) have been revealed quantitatively and qualitatively. These are due to the presence of an auxochromic and electron-donating -OH group in the product molecule replacing a large -OCH 2 CCH group in the probe, reducing the geometrical relaxation and vibrational relaxation energies in the excited states and increasing intramolecular charge transfer. On the basis of the synthesized P 0 1
(GCTPOC) and P 0 5 (TPF) cores, it is easier to effectively increase the TP absorption cross-section per molecular weight by introducing an electron-withdrawing group (-Cl or -CN) to the 4-position than by extending the p-conjugated structure at the 3-position. Further investigations show that both introducing an electron-withdrawing group or increasing the electronwithdrawing ability at the 4-position, and extending the pconjugated structure at the 3-position of the coumarin core with phenylethylene, result in small H / L energy gaps, a red-shi of the absorption and emission spectra, the enhancement of d T max , and larger transition dipole moments. By introducing chlorine and cyano substituents at the 4-position in the central coumarin skeleton, the molecules P 0 3 and P 0 4 display obvious bathochromic shis of l T max and increased d T max and transition dipole moments relative to those of P 0 1, which are ascribed to the strong electron-withdrawing ability increasing the charge transfer q CT . On the other hand, incorporating the p-extended structure of phenylethylene at the 3-position of the coumarin core (P 0 6) leads to a red-shi of the OPA and uorescence emission bands, and a 222 GM enhancement of d T max relative to P 0 5, which is attributed to the extended p-conjugated structure enlarging the charge-transfer distance d CT . For the uorescence performances, except for product P 0 2, the emission spectra of the other products are beyond 500 nm and possess strong uorescent oscillator strengths and large K r values ([K IC ), which demonstrate that the designed Pd 2+ TP probes could realize Pd 2+ detection according to the "turn-on" uorescence. the coumarin-based TP strategy might also provide useful information for further studies on Pd 2+ detection.
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